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The study of chloride channels of intracellular membranes has
seen enormous advances over the past two decades and exciting
recent developments have sparked renewed interest in this ﬁeld.
The discovery of important roles for intracellular chloride channels
in human disease processes as diverse as retinal macular dystro-
phy, osteopetrosis, renal proximal tubule dysfunction, and angio-
genesis have highlighted the importance of these molecules in
critical cellular activities. Startling discoveries regarding the intra-
cellular ClC family of proteins have forced a re-examination of
some of the fundamental assumptions regarding acidiﬁcation of
intracellular organelles. Newly discovered channels have attracted
intense interest and the importance of long-recognized proteins
has been questioned.
Investigations of intracellular channels present unique techni-
cal challenges. Perhaps most importantly, channels expressed
exclusively on intracellular membranes are largely inaccessible to
the direct application of the powerful patch-clamp techniques that
led to rapid characterization of plasma membrane ion channels. As
an alternative, intracellular channels can be studied in isolated ves-
icle fractions, but membrane fractionation techniques are alwayschemical Societies. Published by E
ane conductance regulator;
; ER, endoplasmic reticulum
55, Burnette-Womack 5020,
at Chapel Hill, Chapel Hill, NC
rds).imperfect, with unavoidable contamination of membranes pre-
pared from one organelle with those from other compartments.
While low level contamination may not be critical to typical bio-
chemical studies, contamination can be a fatal confounder in single
molecule assays such as single channel recordings. These and other
technical obstacles have impeded progress. Nonetheless, anion
conductances have been demonstrated in numerous intracellular
compartments and a host of discreet chloride channel activities
have been described [1–3].
Perhaps counter-intuitively, the regulation of concentration or
amount of chloride itself within compartments has not been seen
as the major role of these intracellular chloride channels. Instead,
the key role of chloride permeability has been thought to be to
function as a short-circuiting conductance to allow transport by
electrogenic cation transport mechanisms. For example, acidiﬁcat-
ion of intracellular organelles by the electrogenic proton ATPase is
recognized as a process that requires a short-circuiting conduc-
tance to allow transmembrane cation transport [4,5]. Other pro-
cesses which may require a chloride short-circuiting conductance
across intracellular membranes include calcium transport across
the sarcoplasmic reticulum (SR) [3,6] and potassium inﬂux into
secretory vesicles [7].
While earlier investigations established the presence and possi-
ble roles of chloride conductances in intracellular organelles, more
recent studies have tended to focus on identiﬁcation of the molec-
ular components responsible for these activities. Several proteins
have now independently been implicated in intracellular chloride
conductances, including ClC family members, the cystic ﬁbrosislsevier B.V. All rights reserved.
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CLIC family, and the recently described Golgi pH regulator (GPHR).
In this review, we will ﬁrst brieﬂy consider some physiological
functions for chloride channels of intracellular organelles and then
examine data supporting the roles of each of the protein families
listed above. Intracellular roles for ClCs, CFTR, and the bestrophins
have been the subjects of recent reviews and will be summarized
only brieﬂy. Evidence for a role of CLICs as intracellular chloride
channels will be examined in more detail. This review will not ad-
dress mitochondrial porins or VDAC.2. Roles for intracellular chloride channels
2.1. Acidiﬁcation of intracellular compartments
Most intracellular compartments maintain a steady-state pH
somewhat more acidic than the cytoplasm, varying from about
6.5 in early endosomes and the Golgi apparatus to as low as 4.5
in mature lysosomes [8]. This low pH is implicated in numerous
intraluminal events including dissociation of ligand/receptor com-
plexes along the endosomal/recycling pathway, activation of
hydrolytic enzymes in lysosomes, appropriate post-translational
modiﬁcation of secreted proteins in the Golgi and trans-Golgi net-
work, and loading of neurotransmitter vesicles [5,9,10]. In addi-
tion to these intraluminal actions, acidiﬁcation also appears to
be essential for membrane trafﬁc itself. Blocking acidiﬁcation re-
sults in cessation of membrane trafﬁc, perhaps due to an essential
role for low luminal pH in membrane fusion events, for recruiting
components of the fusion apparatus to the vesicle, or in modula-
tion of transmembrane components of the fusion apparatus
[10,11].
Acidiﬁcation of intracellular compartments primarily occurs
through actions of the vacuolar proton ATPase acting in parallel
with a chloride conductance [12]. The pump is electrogenic, mov-
ing a hydrogen ion across the membrane using the free energy re-
leased by hydrolysis of ATP. It is clear from consideration of the
free energy available to the pump and estimates of luminal buffer-
ing power and membrane capacitance of typical vesicles that ac-
tions of the pump alone in the absence of other leak mechanisms
would lead to generation of an electrical potential but no signiﬁ-
cant proton gradient [13]. The chloride conductance short-circuits
the electrical potential and allows the pump to generate a pH gra-
dient. Since the chloride conductance is essential to allow acid
transport, several authors have suggested that regulation of the
chloride conductance could be one means of regulating compart-
mental pH [14–16], but whether the chloride conductance contrib-
utes to active regulation of pH of intracellular compartments
remains uncertain. Several independent studies have concluded
that at least for phagosomes, lysosomes, and the Golgi, anion con-
ductance is not limiting for acidiﬁcation and that steady-state pH is
primarily regulated by proton pump and leak rates [17–21].
Although the role of the proton ATPase in vesicular acidiﬁcation
is ﬁrmly established, recent evidence that ClC-5 functions as a
chloride–proton exchanger rather than a channel suggests that
non-H-ATPase dependent acidiﬁcation mechanisms also may con-
tribute under certain circumstances [22,23].
2.2. Release of Ca from endoplasmic and sarcoplasmic reticuli
Cycles of regulated release of calcium from SR via calcium-re-
lease channels followed by reuptake of calcium by a calcium ATP-
ase are key steps in muscle contraction [6]. Similar processes occur
across endoplasmic reticulum (ER) membranes in non-muscle
cells. Both calcium release and reuptake are electrogenic processes
that require counterion movement to allow mass transfer of cal-cium. Chloride channels are present in the SR but their precise role
is uncertain [3,6,24]. The major calcium-release channel of SR is
the ryanodine receptor. Calcium release via ryanodine receptor in
various experimental models does not require the presence of
chloride or other permeable anions [24]. Hence the counterion
movement is thought to be carried by cations, primarily potassium,
although a contribution by chloride in vivo has not been conclu-
sively disproven. A recent theoretical analysis suggests that the
cation counterion current may be carried by the ryanodine recep-
tor itself by virtue of its low ion selectivity [24]. Active calcium up-
take into the ER/SR by the calcium ATPase is also an electrogenic
process that requires counterion movement that may be supplied
by chloride channels [25].
2.3. Exocytosis of secretory vesicles
The roles of ion channels in exoctyosis have been reviewed in
detail [7]. The mechanistic diversity of exocytosis among various
models systems of interest defy easy generalization. In brief, chlo-
ride channels are known to be present in essentially all secretory
vesicles that have been studied. Many of these vesicles acidify at
least transiently along the exocytic pathway and one role of chlo-
ride conductances in these vesicles is to support acidiﬁcation. This
acidiﬁcation may have particular exocytic-speciﬁc roles in individ-
ual cell types. For instance, acidiﬁcation is important for loading of
certain neurotransmitter vesicles [9] and for processing of insulin
in secretory vesicles of pancreatic b cells [26]. Furthermore, acidi-
ﬁcation supported by a chloride conductance appears to play a role
in exoctyosis itself in pancreatic b cells [7]. In contrast, mature
zymogen granules of the exocrine pancreas are not acidic and exo-
cytosis does not require acidiﬁcation [27]. Zymogen granule mem-
branes contain potassium and chloride conductances which are
activated during exocytosis and inhibitors of these channels inhibit
exocytosis. Exactly how these channels support exocytosis remains
uncertain [7].
2.4. Chloride channels of mitochondria
Mitochondria contain anion channel activities in both the in-
ner and outer membranes [28]. The primary conductance of the
outer membrane, the Voltage Dependent Anion Channel (VDAC),
is more properly thought of as a porin rather than a typical ion-
selective channel and is responsible for movement of anions, cat-
ions, and non-electrolyte metabolites across the outer membrane
[29]. Ion permeability of the inner membrane is tightly regulated
and needs to be very low under ATP-synthesizing conditions to
allow the pH and electrical gradient generated by electron trans-
fer chain to drive ATP synthesis by the mitochondrial ATPase.
Nonetheless, the inner membrane does contain a chloride chan-
nel activity known as the inner membrane anion channel (IMAC)
and single channel studies have identiﬁed discreet channel activ-
ities which may account for this conductance [30,31] although
the proteins responsible are unknown. The IMAC activity is
thought to contribute, in parallel with a potassium conductance,
to mitochondrial volume regulation [28] and to oxidative stress-
related inner membrane depolarization [32]. A second anion con-
ductance of the inner membrane is associated with the uncou-
pling protein UCP. UCP functions as a proton and chloride leak
mechanism that uncouples the electron transport chain from
ATP synthesis and leads to heat generation from mitochondria
in brown fat [28]. Most recently, an inner membrane high con-
ductance anion selective channel has been reported which is
postulated to be related to the Permeability Transition Pore
[33] although its role in development of this non-selective per-
meabilization is uncertain.
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Other possible roles for intracellular chloride transporters have
been proposed but in many cases the evidence supporting these
roles are less well developed than those discussed above. For
example, anion conductances have been proposed to support exit
of superoxide from the lumen of endosomes [34] and mitochondria
[35], to contribute to loading of nitrate into vacuoles in plants [36],
and to allow ATP entry into Golgi membranes [37]. Novel, currently
unrecognized roles of these channels are likely to be discovered as
our understanding of intracellular metabolism becomes more and
more sophisticated.3. Speciﬁc chloride channel proteins in intracellular
membranes
3.1. A brief note on evidence
In each of the sections below, experiments will be discussed
which attempt to identify individual chloride transporters as the
protein responsible for counterion movement supporting electro-
genic cation transport in speciﬁc intracellular compartments. Sev-
eral types of evidence can be used to support these hypotheses.
First, of course, it is important to know that the protein can func-
tion as an ion channel (or support electrogenic ion movement).
Second, the protein should be present in the membrane fraction
in which the transport is taking place. Third, chloride permeability
of the membrane fraction in question should be reduced in the ab-
sence of the transporter. Fourth, the coupled cation transport (i.e.,
H+ or Ca2+ ﬂux) should be reduced in the absence or inhibition of
the anion transporter. Fifth, cation transport in the absence of
the chloride transporter should be rescued by provision of an alter-
native counterion transport pathway (e.g., the potassium iono-
phore valinomycin in the presence of potassium). The last point
is quite important: if cation transport is not rescued by an alterna-
tive short-circuiting mechanism, then the inhibition of transport is
not simply due to electrical potential limiting the cation transport
mechanism; the chloride transporter must be doing something
other than simply short circuiting the membrane. In fact, for none
of the proteins discussed below does the current data fully satisfy
all ﬁve criteria, leaving real uncertainty about the true role of the
chloride transporter in each case.
3.2. ClC family proteins
The strongest and most consistent evidence supporting particu-
lar proteins as intracellular chloride transporters apply to the ClC
family of proteins. Since these proteins are the subject of several re-
cent extensive reviews [37–40], these data will only be brieﬂy sum-
marized here. The ClC family consists of nine separate genes that
can be grouped in three clusters based on homology and function.
ClC-1, ClC-2, ClC-Ka, and ClC-Kb are expressed on the plasmamem-
brane where they function as chloride channels. Extensive physio-
logic, biochemical and genetic studies have ﬁrmly established that
these proteins are responsible for plasmamembrane chloride chan-
nel activities. Two other clusters, consisting of ClCs 3–5, and ClCs 6
and 7, are expressed primarily in intracellularmembranes. Intracel-
lular ClCs show compartment-speciﬁc expression patterns with
ClC-5 predominant in early and recycling endosomes, ClC-3 and
ClC-4 in later and sorting endosomes, and ClC-6 and 7 in late endo-
somes, lysosomes, and the osteoclast rufﬂed membrane.
3.2.1. Functional roles for intracellular ClCs
Both engineered ClC mutations in mice and naturally occurring
mutations in humans strongly support a role for intracellular ClCsin various intracellular membrane functions. Mutations in ClC-5
are the basis for Dent’s disease, a renal defect associated with
low molecular weight proteinuria, hyperphosphaturia, hypercalic-
uria, and aminoaciduria [40]. Much of this phenotype is repro-
duced in ClC-5 knock-out mice [41,42]. ClC-5 is expressed
primarily in the renal proximal tubule where it colocalizes with
markers of early apical endosomes [43]. Proximal tubule cells from
ClC-5 knock-out mice show impaired apical membrane trafﬁc [44]
and decreased endosomal acidiﬁcation [45], but whether the de-
fect in acidiﬁcation is due to limited counterion movement has
not been resolved. The entire phenotype of Dent’s disease can be
explained by consequences of failure of apical early endosomes
to acidify, resulting in reduced proximal tubule endocytosis and
membrane trafﬁc, which in turn disrupts clearance from the tubu-
lar lumen of low molecular weight proteins including PTH and the
vitamin D/vitamin D binding protein complex [40].
ClC-3 is expressed in endosomes in many cell types and in syn-
aptic vesicles. Endosomes or synaptic vesicles lacking ClC-3 have
decreased acidiﬁcation and decreased chloride permeability [46].
Mutations in ClC-3 in mice result in neurodegeneration [38]. ClC-
4 is also expressed along the endosomal pathway. Cells from ClC-
4 knock-out mice have been shown to have reduced endosomal
acidiﬁcation and consequent defects in recycling of the transferrin
receptor [47]. As with ClC-5, the defective acidiﬁcation seen in the
absence of either ClC-3 or ClC-4 has not been shown to be due to
absence of counterion permeability. ClC-6 is expressed in late
endosomes in the nervous system and disruption of ClC-6 results
in neurodegeneration with pathological features of lysosomal stor-
age disease [38].
ClC-7 is expressed in late endosomes and lysosomes of many
cell types and in the osteoclast rufﬂed membrane. Disruption of
ClC-7 causes a complex phenotype including neurodegeneration
and renal dysfunction with pathological ﬁndings of a lysosomal
storage disease consistent with a disruption of lysosomal function
[48]. Supporting a role in lysosomes, a recent rigorous study dem-
onstrated that ClC-7 accounts for the major chloride permeability
of lysosomes [49]. More prominently, ClC-7 knock-out mice also
show severe osteopetrosis [50]. Osteoclasts are present but have
poorly developed rufﬂed membrane and fail to generate an acidic
bone resorption compartment or resorb bone. These observations
lead to the hypothesis that ClC-7 is responsible for counterion cur-
rent that allows acid transport across the osteoclast rufﬂed border,
but absence of counterion movement as the cause of the acidiﬁcat-
ion defect has not been demonstrated.
Some forms of inherited human osteopetrosis carry mutations
in ClC-7 [51] and osteoclasts derived from such patients show
defective bone resorption [52,53]. A recent study directly assessed
acid transport by vesicles derived from dominant-negative ClC-7
mutant and control human osteoclasts [53]. Peripheral blood cells
were puriﬁed and induced to differentiate into osteoclasts in cul-
ture. Membranes were prepared from these cells and assayed for
acidiﬁcation using an acridine orange quenching assay carried
out in the presence of K+ and valinomycin which would provide ro-
bust counterion movement independent of any chloride transport
mechanism. As expected, membranes from control cells acidiﬁed
and the acidiﬁcation was inhibited by an inhibitor of the proton
pump, but surprisingly, acidiﬁcation was also inhibited by an
inhibitor of ClC-7. Vesicles prepared from mutant cells had equiv-
alent levels of proton pump and ClC-7 protein, but showed signif-
icantly decreased acidiﬁcation rate. Unfortunately, the rates of
acidiﬁcation in the absence of valinomycin were not reported.
The interpretation of these data is complex. The inhibition of acid
transport in the control cells by a ClC inhibitor and the decreased
acid transport by the mutant cells, both in the presence of K+/valin-
omycin indicate that ClC-7 is important in osteoclast acid trans-
port, but also indicate that inhibition of transport is not due to
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came to a different conclusion, a valid interpretation of this data
is that these results challenge the hypothesis that ClC-7 provides
the counterion anion conductance to allow acidiﬁcation of the
bone resorption compartment.
3.2.2. Intracellular ClCs are proton–chloride exchangers rather than
chloride channels
Much of the early work with intracellular ClCs was based on the
assumption that these proteins produce chloride conductive pores
similar to the cell surface ClC family members. Consequently the
discovery that ClCs 4 and 5 function not as channels but as electro-
genic proton–chloride exchangers was a surprising and unsettling
event [22,23]. Based on identity at a critical glutamate residue in
the sequence, it seems very likely that all that intracellular ClCs
3–7 are indeed exchangers rather than channels [38,40]. The stoi-
chiometry of ion exchange is thought to be approximately 2Cl for
1H+ for ClCs 4, 5, and 7 [22,23,49].
Could a proton–chloride antiporter account for the counterion
movement necessary for the acidiﬁcation of intracellular compart-
ments by the proton ATPase? As long as the net negative charge
movement into the vesicle is greater than the proton efﬂux with
each cycle of the exchanger, such activity could provide the neces-
sary counterion movement and allow acidiﬁcation. Indeed, since
most transport experiments demonstrating apparent chloride
channel activity supporting acidiﬁcation were performed in buf-
fered solutions, a proton–chloride exchange nature of the counter-
ion current may well have gone unnoticed in the older studies.
However, several considerations must give one pause about this
mechanism. First, such a mechanism would be wasteful of meta-
bolic energy since one third of the protons pumped into the vesicle
by the ATPase would need to come back out in exchange for chlo-
ride (assuming a stoichiometry of 2Cl for 1H+). While this does
not rule out Cl/H+ exchange as the counterion mechanism, it sug-
gests some other unrecognized secondary gain exists to justify the
apparent waste. A plausible explanation for why the cell would
employ this apparently wasteful strategy would increase conﬁ-
dence that this hypothesis is correct. Second, the strong outward
rectiﬁcation of Cl/H+ exchange [22,23] indicates that the charge-
compensating transport would be occurring under conditions
where the transporter activity is low. Again this does not rule
out the mechanism, but it suggests that Cl/H+ exchange would
be most active under conditions and in a polarity where it is not
needed. Third, although defective acidiﬁcation of various intracel-
lular compartments occurs with defects in individual ClCs, there
has been no direct demonstration that the acidiﬁcation defect is
due to a loss of counterion movement. Finally, despite the apparent
lysosomal storage disease phenotype in ClC-6 or ClC-7 knock-out
mice, the steady state lysosomal pH in these mice has been re-
ported to be normal [48] (although a second group using semi-
quantitative methods reported less lysosomal acidiﬁcation follow-
ing RNA-i induced knock-down of ClC-7 in cultured cells [49]). The
failure of loss of a single protein to prevent acidiﬁcation is not too
surprising due to the possibility of functional redundancy among
closely related proteins. For example, since their subcellular distri-
bution overlaps, ClC-6 could conceivably compensate for the ab-
sence of ClC-7 and vice versa. However in the absence of an
acidiﬁcation defect, the lysosomal storage phenotype must be
due to something other than failure to maintain the low steady-
state pH of lysosomes and hence, perhaps the primary role of
ClC-7 is something other than support of lysosomal acidiﬁcation.
Alternative functions for ClCs have been hypothesized. First,
ClCs in early endosomes could provide a proton pump-indepen-
dent acidiﬁcation mechanism [22,23]. Immediately after formation
of the endosome, the intravesicular [Cl] (about 110 mM) would be
much higher than the cytoplasmic [Cl] (about 10–40 mM). Thisgradient could drive chloride–proton exchange in the opposite
polarity as that hypothesized to occur above, leading directly to
vesicular acidiﬁcation and lowering intravesicular [Cl]. Although
an attractive hypothesis, no evidence for such a mechanism con-
tributing to endosomal acidiﬁcation has been reported. Second,
ClCs could be functioning as the proton leak mechanism which
contributes to determination of steady-state pH of intracellular
compartments [22]. However, such a role would be difﬁcult to rec-
oncile with the observed alterations of vesicular pH in cells carry-
ing mutations of ClCs 3–5. If these proteins provided the proton
leak mechanism, inactivation of this pathway should result in low-
er compartment pH, not higher as observed. Third, ClC-mediated
Cl/H+ exchange could play an important role in maintaining ele-
vated intravesicular chloride concentration and that alterations
in intra-lysosomal [Cl] rather than pH may be responsible for
the lysosomal functional defects in ClC-6 and -7 mutants
[38,40,48]. Finally, multiple other possible roles for ClC-5 in renal
proximal tubule cells have been postulated [54] including the
assembly of the macromolecular endocytic complex on the plasma
membrane, trafﬁcking of the proton ATPase, and regulation of
megalin/cubulin expression. Whether any of these are direct func-
tions of intracellular ClCs remain uncertain.
In summary, a robust body of evidence supports a role for the
intracellular ClCs in supporting acidiﬁcation of intracellular com-
partments. Whether their primary function is to provide the coun-
terion movement allowing electrogenic acidiﬁcation by the proton
pump remains unproven. Integrating the ion exchange activities of
these proteins into a comprehensive picture of intracellular ion
movement consistent with the large body of experimental data
continues to be a work in progress.
3.3. Bestrophins
The bestrophins are a group of four proteins (recently reviewed
in [55,56]) which have been shown to support chloride channel
activity when over-expressed in cell expression systems. Further
evidence that bestrophins themselves function as channels stems
from mutagenesis studies in which mutation of the bestrophin
causes discrete changes in the associated channel activity. Bestro-
phin 1, the ﬁrst member of the family to be discovered, was iden-
tiﬁed as the site of mutation in Best’s disease, a form of early onset
macular degeneration [55,56]. The function of bestrophin 1 rele-
vant to the disease is to support a Ca2+-activated chloride current
in the basal membrane of the retinal pigment epithelium but
whether bestrophin 1 itself functions as this channel has been
challenged [57]. Recently, an exciting alternative mechanism has
been proposed by Kunzelmann and co-workers based on studies
of bestrophin in airway epithelial cells [58]. These authors con-
ﬁrmed that endogenous bestrophin 1 primarily resides in the ER,
not the plasma membrane. Furthermore they demonstrated that
bestrophin 1 modulates both Ca2+ release and uptake from intra-
cellular stores, presumably ER. Thus, bestrophin can modulate
plasma membrane Ca2+-activated channels by its effects on ER
Ca2+ release and recovery. These observations make bestrophin a
strong candidate for an ER chloride channel that could provide
counterion movement during cycles of Ca2+ release and reuptake
[56]. However, some reservations exist regarding this conclusion.
First, humans suffering from Best’s disease who carry the inactivat-
ing bestrophin 1 mutation have little phenotype other than macu-
lar degeneration. Similarly, bestrophin 1 knock-out mice have little
phenotype [59]. Thus, if bestrophin 1 serves as an ER counterion
channel, it seems unlikely to be the only one; there must be signif-
icant functional redundancy with other counterion channels to
support ER calcium transport in the absence of bestrophin. Second,
bestrophin 1 appears to be primarily expressed in epithelial cells
and expressed only in low levels in heart or skeletal muscle [55].
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human or mouse mutants suggest that a different protein must
play this role in muscle cells. Whether this function in muscle
could be supported by a different bestrophin family member re-
mains is unknown. Finally, the evidence so far that bestrophin is
functioning as a channel in the ER is indirect [58]; the published
evidence only demonstrates that it facilitates Ca2+ movement.
The data is also consistent with a model in which bestrophin reg-
ulates ER calcium transport via mechanisms other than counterion
movement. Direct demonstration of changes in ER anion conduc-
tivity following manipulation of bestrophin expression is an
important missing piece of evidence.
3.4. CFTR
Mutations in CFTR are the cause of the disease cystic ﬁbrosis.
CFTR functions as a cAMP activated plasma membrane chloride
channel and also as a regulator of other channels and transporters.
CFTR has also been hypothesized to function as a chloride channel
in intracellular organelles, where it could contribute to support of
acidiﬁcation along the exocytic and endocytic pathways [14]. This
hypothesis is particularly attractive as it could explain several pe-
culiar features of the cystic ﬁbrosis phenotype that at least on ﬁrst
blush do not appear to be related directly to defects in ion trans-
port. A great deal of evidence supporting and contesting this
hypothesis has been published over the years. Recently this
hypothesis has been rigorously tested experimentally [17] and
the published data has been extensively and critically reviewed
[8], both approaches coming to similar conclusions. To summarize
their ﬁndings, while CFTR may function as a chloride channel in
some intracellular membranes, the bulk of the evidence indicates
that organellar acidiﬁcation is not dependent on CFTR and that
organellar pH is not abnormal in cystic ﬁbrosis. Recent evidence
suggests a novel intracellular mechanism for CFTR in the regula-
tion of endocytosis and apical membrane trafﬁcking in renal prox-
imal tubule cells [60]. What other roles CFTR may be playing in
intracellular membranes and whether alterations in these func-
tions contribute to the defects in cystic ﬁbrosis remain uncertain.
3.5. CLIC family proteins
The CLICs are another group of proteins proposed to function as
intracellular chloride channels. CLICs are a family of proteins en-
coded by six different genes in mammals, named CLICs 1–6
[61,62]. The proteins show high degree of similarity through the
C-terminal approximately 220 amino acid CLIC homology domain
which is structurally related to glutathione S transferases. The N-
termini of the proteins are divergent in both length and sequence.
The evidence that CLICs can function as channels is robust: the
ﬁrst CLIC to be described (p64, now known as CLIC5B) was identi-
ﬁed based on puriﬁcation of reconstitutable chloride channel activ-
ity from bovine kidney [63]. CLIC5B co-puriﬁed with channel
activity and antibodies to the protein immunodepleted this activ-
ity. Expression of recombinant CLIC5B in cultured cells led to in-
creased channel activity in whole cell membrane preparations
and modiﬁcation of the protein altered the activity [64,65]. Over-
expression of CLICs 1, 3, and 4 were associated with chloride chan-
nel activity in a variety of expression systems at the times of their
discovery [66–68]. More recently, several groups have reported ion
channel activity from puriﬁed recombinant CLICs including CLICs
1, 2, 4, and 5 expressed in Escherichia coli, although there is limited
consensus on single channel conductance, ion selectivities, lipid
requirements, and effects of oxidation among the published re-
ports [69–76].
One of the problems confounding our understanding of CLIC
function is their unusual biochemical properties. Unlike typicalintegral membrane proteins, CLICs exist both in a soluble and a
membrane-inserted form. The majority of the CLIC in most resting
cells is present as a soluble protein in the cytoplasm. However,
some fraction of the CLIC is membrane-associated and shows the
biochemical properties of truly membrane inserted protein. In vi-
tro, puriﬁed recombinant soluble CLICs 1, 2, 4, and 5 [70–74,76]
are capable of transition from the aqueous phase into a phospho-
lipid membrane where they can function as ion channels. Control
of the distribution of CLICs between soluble and membrane-in-
serted forms is clearly central to any understanding of how CLICs
function, but very little is currently known about regulation of this
critical process.
3.5.1. CLICs in intracellular membranes
CLICs were among the ﬁrst proteins proposed to function as
intracellular chloride channels [77]. Indeed the name CLIC was de-
rived from ‘‘Chloride Intracellular Channel” [78], but this is clearly
a case where the name implies much more certainty than exists in
reality. In most cases the evidence supporting the hypothesis that
CLICs function as intracellular chloride channels has never moved
much beyond the circumstantial. With the original report of
CLIC5B sequence, it was noted that the protein is excluded from
the plasma membrane when expressed in Xenopus oocytes [77].
As other CLICs were discovered, immunolocalization to a variety
of intracellular compartments was reported. Thus, CLIC1 (also
named NCC27) was reported to be in nuclear membrane and in
an undeﬁned cytoplasmic vesicular compartment [68,79]. CLIC4
(also called p64H1 and mitochondrial CLIC) was variously reported
to be in ER, trans-Golgi network, caveolae, mitochondria, and
dense-core secretory vesicles in the central nervous system
[65,66,80,81]. CLIC5A was found to be in a sub-apical domain of
placental trophoblast [82] and CLC5B was reported in osteoclast
rufﬂed membrane [83,84].
It is now clear that many of these immunolocalization reports
were confounded by the abundant soluble cytoplasmic CLIC that
obscures the true subcellular localization of the membrane-in-
serted fraction of the protein. Ulmasov et al. used digitonin to ex-
tract selectively the soluble fraction of endogenous CLIC1 in Panc1
and T84 cells while leaving the membrane-inserted fraction in
place [85]. Perhaps not surprisingly, the overall distribution of
CLIC1 in Panc1 cells changed dramatically after removal of the sol-
uble fraction which represents a majority of the CLIC1 in those
cells. The punctuate pattern that had been interpreted as repre-
senting intracellular vesicles was eliminated, leaving the bulk of
the residual CLIC1 in the plasma membrane. In contrast, extraction
of the soluble CLIC1 from polarized T84 cells, where a larger frac-
tion of the protein is membrane inserted, had minimal effect on
the immunolocalization of the protein which was found in sub-api-
cal membrane vesicles. Thus, the extent that soluble CLIC con-
founds the identiﬁcation of membrane compartments in which
the membrane inserted CLIC resides is cell-type dependent. Many
of the earlier immunolocalization reports will need to be re-exam-
ined in light of this evidence.
In contrast to the abundant reports of morphologic data indicat-
ing that CLICs reside in intracellular membranes, the evidence for
CLICs functioning as chloride channels in intracellular membranes
is much more limited. In brief, there are three systems for which
substantial evidence of CLIC chloride channel function in intracel-
lular membranes have been reported: CLIC1 in nuclear mem-
branes, CLIC5B in osteoclast rufﬂed membrane, and CLIC4 in
vesicles along the intracellular tubulogenic pathway.
3.5.2. CLIC1 in nuclear membrane
The initial report of CLIC1 (then called NCC27) by Breit and co-
workers reported nuclear localization in CHO-K1 cells and the
appearance of increased chloride channel activity in both nuclear
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CLIC1 [68]. This activity showed similar single channel properties
in both membrane fractions and was subsequently found to be
similar to channel activity of puriﬁed recombinant CLIC1 in vitro
[76]. Antibodies against a FLAG-tagged CLIC1 construct inhibited
this activity in the plasma membrane. The plasma membrane
activity associated with CLIC1 expression was strongly correlated
with the cell cycle, being highest in G2/M phase [86]. Growth in
the presence of the CLIC inhibitor, IAA94, arrested the cells in
G2/M phase. Taken together, these data indicate CLIC1 supports
chloride channel activity in both nuclear and plasma membranes
and its activity is important to passage through the cell cycle.
The inhibition of activity by antibodies against CLIC and the simi-
larity between activity in cells and puriﬁed recombinant CLIC1
strongly support the contention that the activity is due to the CLIC
protein itself and not to regulation of different channel protein.
However, prominent nuclear localization of CLIC1 has only been
reported in CHO cells, where the CLIC1 localization was more con-
sistent with nucleoplasm rather than nuclear envelope localiza-
tion. Examination of numerous other tissues and cell types have
failed to ﬁnd signiﬁcant nuclear membrane CLIC1 [79,85]. In addi-
tion, a physiologic role for a chloride conductance in the nuclear
membrane has never been clearly articulated, making it difﬁcult
to predict what the consequences of disrupting such a conductance
would be. Thus, whether CLIC1 functions as a chloride channel in
the nuclear membranes of most normal cells remains uncertain.
3.5.3. CLIC5B in the osteoclast rufﬂed membrane
A second role supported by substantial evidence for CLIC chlo-
ride channel activity in intracellular membranes is that of CLIC5B
in the osteoclast rufﬂed membrane. The rufﬂed membrane is a spe-
cialized proton-transporting membrane that acidiﬁes the bone
resorption compartment beneath a bone-attached osteoclast. As
with other intracellular membranes, the mechanism of acidiﬁcat-
ion is the electrogenic proton ATPase coupled with a chloride con-
ductance, together supporting transmembrane transport of HCl
into the bone resorption compartment.
Several lines of evidence support a role for CLIC5B in bone
resorption by osteoclasts [83,84]. CLIC5B mRNA was found to be
present in avian osteoclasts and the abundance of the message
and protein are upregulated as mononuclear precursor cells differ-
entiate into bone-resorbing osteoclasts in culture. Suppression of
expression of CLIC5B in differentiating osteoclasts using antisense
oligonucleotides decreased bone resorption. Membrane vesicles
from cells in which CLIC5B had been suppressed showed decreased
acidiﬁcation that was due to decreased counterion movement
while total proton pump activity was unchanged. Thus, expression
of CLIC5B during osteoclast differentiation supports bone resorp-
tion and is necessary for the presence of chloride counterion move-
ment in proton pump containing vesicles. Osteoclast activation is
at least partially mediated through the c-src tyrosine kinase and
absence of c-src suppresses bone resorption by osteoclasts. CLIC5B
is phosphorylated by src-family tyrosine kinases and phosphoryla-
tion activates the channel activity in cultured cells overexpressing
CLIC5B [64]. Suppression of c-src in differentiating osteoclasts led
to loss of co-localization of CLIC with the proton ATPase concomi-
tant with the loss of short-circuiting chloride transport activity in
proton pump containing vesicles [83]. This set of experiments is
unique in that knock-down of a chloride channel protein was not
only shown to decrease acidiﬁcation, but that the cause of decrease
in acidiﬁcation was clearly demonstrated to be the loss of counter-
ion movement.
Taken together, these data indicate that CLIC5B is essential for
the establishment of a chloride conductance in the proton pump
containing membranes of differentiating osteoclasts and appears
to be a component of the signal transduction mechanisms thatallow c-src to drive osteoclast differentiation and bone resorption.
Perhaps the simplest interpretation of these data is that CLIC5B it-
self provides the rufﬂed membrane chloride conductance. An alter-
native hypothesis, equally consistent with the data, is that CLIC5B
may be essential for assembly of the rufﬂed membrane rather than
the function of the mature membrane. Other data implicate ClC-7
as providing the necessary counterion movement in the rufﬂed
membrane as described earlier. Both CLIC5B and ClC-7 appear to
play non-redundant roles in the assembly and/or function of the
rufﬂed membrane. Further investigations will be necessary to elu-
cidate the distinct roles of CLIC5B and ClC-7 in osteoclasts.
3.5.4. CLIC4 in cell-hollowing tubulogenesis
One mechanism by which cells form multicellular tubes is
known as ‘‘cell-hollowing” in which an intracellular lumen forms
within a single cell [87]. The lumen, which is like a large intracel-
lular vacuole, forms from the fusion of numerous precursor intra-
cellular vesicles. With ongoing vesicle fusion, the vacuole
enlarges, eventually fusing with the plasmamembrane, and in con-
tinuity with neighboring cells, forms an extracellular space that be-
comes the lumen of the cell-lined tubule. Thus a single cell forms a
tubule by hollowing itself out. Cell-hollowing tubulogenesis con-
tributes to tube formation in several structures including the Cae-
norhabditis elegans excretory system and mammalian capillary
tubes.
The excretory system of C. elegans consists of a single excretory
cell which has long extensions that reach to each end of the worm
[88]. Within this cell, a single intracellular lumen called the excre-
tory canal runs the length of the cell and connects to the exterior
environment through duct and pore cells. The formation of this ca-
nal is one example of cell-hollowing tubulogenesis. Mutations in
EXC4, one of the C. elegans CLIC genes, disrupts the structure of
the excretory cell [88]. Worms with EXC4 disruption fail to gener-
ate the excretory canal, but instead accumulate a large number of
unconnected dilated cysts. Using a temperature sensitive con-
struct, Berry et al. [88] showed that introduction of functional CLIC
protein after the cysts had formed results in resolution of the cysts
into an intact canal. These studies indicate that the formation and
persistence of the excretory canal requires the presence of the
nematode CLIC homolog, apparently by permitting the fusion of
intracellular precursor vesicles to form the intact canal. Thus, a
CLIC molecule appears to be essential for cell-hollowing tubulo-
genesis in this simple system, perhaps through facilitating fusion
of intracellular membranes.
Formation of capillary tubes by endothelial cells is another
example of cell-hollowing tubulogenesis. Using a proteomics ap-
proach, Bohman et al. identiﬁed CLIC4 as a protein which was
strongly regulated during endothelial cell tube formation in culture
[89]. Antisense knock-down experiments demonstrated a signiﬁ-
cant decrease in the ability of the cells to form tubule structures
when expression of CLIC4 was suppressed. A second study con-
ﬁrmed a role for CLIC4 in endothelial tubulogenesis using CLIC4
overexpression and knock-down in cultured cells [90]. CLIC4 was
found to be important for endothelial cell proliferation and tubulo-
genesis but not migration.
Recently my colleagues and I reported studies using a mouse in
which the gene for CLIC4 had been disrupted [91]. The Clic4/
mice showed an increased rate of intra-uterine death but other-
wise demonstrated minimal phenotype in unstressed laboratory
conditions. When stimulated for maximal angiogenesis, the ability
to form new blood vessels was markedly impaired. Reminiscent of
the observations in C. elegans, accumulation of what appeared to be
large unfused vesicles were noted in the tubulating endothelial
cells in the absence of CLIC4. Primary cultures of endothelial cells
were isolated from Clic4/ and wild-type littermate controls and
induced to undergo tubulogenesis in ﬁbrin gels. CLIC4 was immu-
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The Clic4/ cells showed impaired vacuolization with accumula-
tion of unfused vacuoles. Vacuolization of WT cells was inhibited
both by the proton pump inhibitor, Baﬁlomycin, and by the CLIC
inhibitor, IAA94. Ratiometric ﬂuorescence confocal microscopy
was used to assess the pH of both the large vacuoles and the much
smaller endosomal/lysosomal vesicles in tubulating cells. Vacuoles
in WT cells showed modest acidiﬁcation with average pH of 6.75
while the vacuoles of Clic4/ cells failed to acidify (average pH
7.05). In contrast, the small vesicle fraction acidiﬁed well in both
cell types with average pH of 5.42 and 5.43, respectively. Thus,
the absence of CLIC4 results in the selective failure to acidify vac-
uoles along the endothelial tubulogenic pathway. These data rep-
resent the ﬁrst direct demonstration that the absence of a CLIC
protein results in failure to acidify an intracellular compartment
in vivo. These data support the hypothesis that CLIC4 itself could
be functioning as the short-circuiting chloride conductance allow-
ing acidiﬁcation of this intracellular compartment. However, these
experiments have neither showed that the chloride permeability of
the vacuole membranes was altered or that the acidiﬁcation failure
was due to decreased counterion movement as would be expected
if CLIC4 was acting as a chloride channel in these membranes.
Hence, multiple other mechanisms by which CLIC4 could be sup-
porting acidiﬁcation are consistent with the data.
In summary, CLIC family members are implicated in intracellu-
lar chloride channel activity in numerous systems and cell types.
However, deﬁnitive attribution of a speciﬁc channel activity of nor-
mal cells to a speciﬁc CLIC protein remains elusive. In the case of
nuclear CLIC1, the evidence for CLIC1 channel activity in nuclear
membranes when the recombinant protein is over-expressed in
CHO cells is persuasive, but it is unclear whether these ﬁndings ap-
ply to more normal cells and conditions. In the osteoclast and
endothelial cell models, CLIC5B and CLIC4 are clearly involved in
establishment of acidiﬁcation capacity, but whether they them-
selves function as the short-circuiting chloride conductance in
these membranes, or support acidiﬁcation by some other mecha-
nism is unresolved.
3.5.5. Non-channel roles of CLICs
Evidence suggests that some CLIC family members, particularly
CLIC4, possess important, non-channel roles in several different
cell types. CLIC proteins are implicated in cell cycle regulation, cell
differentiation, and apoptosis in various systems. They exist as
both membrane-inserted proteins and as soluble cytoplasmic pro-
teins and their subcellular localization changes in response to
extracellular stimuli in several cell types. While some studies have
implicated CLIC4 and its regulated nuclear targeting in the apopto-
sis and the differentiation of ﬁbroblasts into myoﬁbroblasts, partic-
ularly as related to cancer [92–95], perhaps the most compelling
data for a non-channel role of a CLIC applies to CLIC4 in TGFb sig-
naling during keratinocyte differentiation [94,96]. Shukla et al. re-
ported TGFb stimulation induces the expression and nuclear
translocation of CLIC4, and that Schnurri, another protein involved
in the TGFb pathway, interacts with CLIC4 and promotes its nuclear
translocation [94]. The transcription factors Smad2 and Smad3 are
phosphorylated in response to TGFb and translocate to the nucleus
[97]. By immunoprecipitation, CLIC4 interacts with phosphory-
lated Smad2 and Smad3, and overexpression of a nuclear targeted
CLIC4 protects Smad2 and Smad3 from dephosphorylation in
keratinocytes [94]. Thus nuclear CLIC4, by protecting Smad2/3
from dephosphorylation, functions to potentiate TGFb-driven gene
expression. These studies are the ﬁrst to establish a non-channel
mechanistic role for CLIC4 within the cell nucleus. It remains to
be seen whether this pathway is speciﬁc to TGFb signaling in kerat-
inocytes or if CLIC4 plays a more global role in TGFb signaling in
other cell types. As CLIC4 is found in many subcellular locations,it will also be interesting to know if a speciﬁc pool of CLIC4 pro-
teins, cytosolic or membrane-associated, translocate to the nucleus
following a speciﬁc stimulus.
Numerous binding partners have been identiﬁed for CLIC family
members through different screening strategies but the functional
signiﬁcance for CLIC or its binding partners remains uncharacter-
ized in many circumstances. The evidence that CLIC4 plays a role
in the phosphorylation status of Smad2 and Smad3 is intriguing
since CLIC1 copuriﬁes with protein phosphatase 1 (PP1c2) in
sperm extracts [98]. Fusion proteins of CLIC1, CLIC4, and CLIC5
all interact with PP1c2 from sperm extracts in pull-down assays.
In addition, studies demonstrate that CLIC3 can interact with
ERK7, a mitogen-activated protein kinase, in mammalian cells
[67]. CLIC proteins may regulate the phosphorylation status of sub-
strates, the activity of the phosphatases or kinases, or the interac-
tion may regulate CLIC function or localization through
phosphorylation or dephosphorylation.
CLIC family members interact with multiple cytoskeletal ele-
ments but the importance of these interactions remains unclear.
When recombinant CLIC5 and CLIC1 are inserted into lipid bilayers,
their activity is inhibited by F-actin in the absence of other proteins
[73]. In contrast, F-actin has no effect on CLIC4 activity. In a recent
study, cytosolic CLIC4 was shown to translocate to the plasma
membrane in response to Ga13-mediated RhoA activation and
latrunculin inhibits this translocation, implying that this process
requires F-actin [99]. Multiple CLIC proteins interact with
AKAP350, which acts as a scaffolding protein for numerous other
proteins including kinases and phosphatases [100,101]. Detailing
all the binding partners of CLIC family members is beyond the
scope of this review, but additional binding partners for CLICs in-
clude other cytoskeletal elements and cellular receptors. Taken to-
gether, these observations suggest CLICs are intimately involved in
cytoskeletal and membrane trafﬁcking events, but a speciﬁc role
has not yet been identiﬁed.
Finally, several reports describe CLIC2 as a regulator of the ryan-
odine receptor, the major calcium-release channel of the SR [102–
104]. CLIC2 is highly expressed in cardiac and skeletal muscle.
CLIC2 binds directly to the ryanodine receptor and decreases its
activity, and hence, Ca2+ release from the SR [102,103]. This inter-
action is modiﬁed by the redox state of CLIC2 and may represent a
mechanism by which the redox state of the cell is linked to regula-
tion of Ca2+ release and contractile activity of muscle [104]. It is
important to note that although CLIC2 supports channel activity
in vitro, the activity of CLIC2 in regulation of the ryanodine recep-
tor is not thought to involve its channel function.
3.5.6. CLICs as multi-functional proteins?
A substantial body of evidence supports the hypothesis that
CLICs can function as ion channels. Strong independent lines of evi-
dence also support the hypothesis that CLICs possess other func-
tions in the cell that appear to be unrelated to channel activity.
One possibility is that CLICs are multi-functional proteins that
can transition between membrane-inserted forms supporting ion
channel activity, and soluble forms which may contribute to regu-
lation of various cell processes such as structure of the cytoskele-
ton or modulation of gene expression. Thus, CLICs may act to
integrate ion channel activities of intracellular membranes with
regulation of cytoskeleton and/or corresponding gene expression.
This model is reminiscent of the dual roles of b-catenin as a com-
ponent of the cytoskeleton and as a regulator of transcription
[105].
3.6. GPHR
The recently identiﬁed GPHR was discovered through a screen
for mutants which affect Golgi function [106]. Mutation of this pro-
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protein from the Golgi to the plasma membrane, impaired glyco-
sylation of proteins along the exocytic pathway, and structural dis-
organization of the Golgi apparatus. GPHR was found to be
targeted to the Golgi. Direct measurement of the steady-state pH
of intracellular compartments revealed that the mutation of GPHR
was associated with decreased acidiﬁcation of the cisternae of the
Golgi and trans-Golgi network by 0.4–0.5 pH units with no effect
on lysosomal pH and no effect on endocytosis or recycling. Thus,
the absence of GPHR had a selective effect on Golgi acidiﬁcation.
Expression of recombinant GPHR followed by puriﬁcation and
reconstitution into planar lipid bilayers showed that GPHR func-
tioned as a non-rectifying DIDS inhibitable, high conductance,
weakly anion selective channel. These data strongly support the
identiﬁcation of GPHR as a conductive pathway that supports Golgi
acidiﬁcation. However, the experiments presented did not demon-
strate altered chloride permeability of the Golgi or that the lack of
acidiﬁcation is due to absence of counterion conductance in the ab-
sence of GPHR. The possibility remains that GPHR may regulate
Golgi pH by some other mechanism.
4. Concluding remarks
The past two decades have witnessed an explosion of knowl-
edge accompanied by ongoing controversy regarding chloride
transport mechanisms of intracellular membranes. Identiﬁcation
of newly recognized channel proteins, clariﬁcation of the relation-
ships between chloride permeability and acidiﬁcation, and the
molecular description of previously mysterious human diseases
all must be recognized as major accomplishments. Controversies
include the longstanding problem of CFTR and intracellular acidiﬁ-
cation, and, perhaps most notably, the realization that intracellular
ClCs are exchangers rather than channels. This stunning ﬁnding
has forced a thorough reconsideration of some of the most funda-
mental assumptions about acidiﬁcation of intracellular compart-
ments, a reconsideration which is not yet fully resolved. Despite
the advances, many fundamental questions persist: which proteins
are responsible for which channel activities, how are these activi-
ties regulated, and exactly how do intracellular chloride channels
contribute to integrated cell and organismal function. Are the
intracellular ClCs responsible for counterion movement supporting
acidiﬁcation along the endosomal pathway or do they support
acidiﬁcation through some other mechanism? Does the absence
of the actions of CFTR in intracellular membranes contribute to
the cystic ﬁbrosis disease phenotype, even if they do not regulate
the pH of intracellular compartments? Are bestrophins channels,
regulators of channels or both? Do CLICs really function as chan-
nels in intracellular membranes or is their true role something
quite different? Undoubtedly more surprises lie head.
References
[1] Debska, G., Kicinska, A., Skalska, J. and Szewczyk, A. (2001) Intracellular
potassium and chloride channels: an update. Acta Biochim. Pol. 48, 137–144.
[2] Szewczyk, A. (1998) The intracellular potassium and chloride channels:
properties, pharmacology and function (review). Mol. Membr. Biol. 15, 49–
58.
[3] Al-Awqati, Q. (1995) Chloride channels of intracellular organelles. Curr. Opin.
Cell Biol. 7, 504–508.
[4] Carraro-Lacroix, L.R., Lessa, L.M., Fernandez, R. and Malnic, G. (2009)
Physiological implications of the regulation of vacuolar H+-ATPase by
chloride ions. Braz. J. Med. Biol. Res. 42, 155–163.
[5] Mellman, I. (1992) The importance of being acid: the role of acidiﬁcation in
intracellular membrane trafﬁc. J. Exp. Biol. 172, 39–45.
[6] Laporte, R., Hui, A. and Laher, I. (2004) Pharmacological modulation of
sarcoplasmic reticulum function in smooth muscle. Pharmacol. Rev. 56, 439–
513.
[7] Thevenod, F. (2002) Ion channels in secretory granules of the pancreas and
their role in exocytosis and release of secretory proteins. Am. J. Physiol.: Cell
Physiol. 283, C651–C672.[8] Haggie, P.M. and Verkman, A.S. (2009) Defective organellar acidiﬁcation as a
cause of cystic ﬁbrosis lung disease: reexamination of a recurring hypothesis.
Am. J. Physiol.: Lung Cell. Mol. Physiol. 296, L859–L867.
[9] Bauerfeind, R. and Huttner, W.B. (1993) Biogenesis of constitutive secretory
vesicles, secretory granules and synaptic vesicles. Curr. Opin. Cell Biol. 5,
628–635.
[10] Marshansky, V., Ausiello, D.A. and Brown, D. (2002) Physiological importance
of endosomal acidiﬁcation: potential role in proximal tubulopathies. Curr.
Opin. Nephrol. Hypertens. 11, 527–537.
[11] Wada, Y., Sun-Wada, G.H., Tabata, H. and Kawamura, N. (2008) Vacuolar-type
proton ATPase as regulator of membrane dynamics in multicellular
organisms. J. Bioenerg. Biomembr. 40, 53–57.
[12] Forgac, M. (2007) Vacuolar ATPases: rotary proton pumps in physiology and
pathophysiology. Nat. Rev. Mol. Cell. Biol. 8, 917–929.
[13] Al-Awqati, Q., Barasch, J. and Landry, D. (1992) Chloride channels of
intracellular organelles and their potential role in cystic ﬁbrosis. J. Exp.
Biol. 172, 245–266.
[14] Barasch, J., Kiss, B., Prince, A., Saiman, L., Gruenert, D. and Al-Awqati, Q.
(1991) Defective acidiﬁcation of intracellular organelles in cystic ﬁbrosis.
Nature 352, 70–73.
[15] Mulberg, A.E., Tulk, B.M. and Forgac, M. (1991) Modulation of coated vesicle
chloride channel activity and acidiﬁcation by reversible protein kinase A-
dependent phosphorylation. J. Biol. Chem. 266, 20590–20593.
[16] Tamir, H. et al. (1994) Secretogogue-induced gating of chloride channels in
the secretory vesicles of parafollicular cells. Endocrinology 135, 2045–2057.
[17] Barriere, H., Bagdany, M., Bossard, F., Okiyoneda, T., Wojewodka, G., Gruenert,
D., Radzioch, D. and Lukacs, G.L. (2009) Revisiting the role of cystic ﬁbrosis
transmembrane conductance regulator and counterion permeability in the
pH regulation of endocytic organelles. Mol. Biol. Cell 20, 3125–3141.
[18] Chandy, G., Grabe, M., Moore, H.P. and Machen, T.E. (2001) Proton leak and
CFTR in regulation of Golgi pH in respiratory epithelial cells. Am. J. Physiol.:
Cell Physiol. 281, C908–C921.
[19] Lukacs, G.L., Chang, X.B., Kartner, N., Rotstein, O.D., Riordan, J.R. and
Grinstein, S. (1992) The cystic ﬁbrosis transmembrane regulator is present
and functional in endosomes. Role as a determinant of endosomal pH. J. Biol.
Chem. 267, 14568–14572.
[20] Schapiro, F.B. and Grinstein, S. (2000) Determinants of the pH of the Golgi
complex. J. Biol. Chem. 275, 21025–21032.
[21] Steinberg, B.E., Touret, N., Vargas-Caballero, M. and Grinstein, S. (2007) In situ
measurement of the electrical potential across the phagosomal membrane
using FRET and its contribution to the proton-motive force. Proc. Natl. Acad.
Sci. USA 104, 9523–9528.
[22] Picollo, A. and Pusch, M. (2005) Chloride/proton antiporter activity of
mammalian CLC proteins ClC-4 and ClC-5. Nature 436, 420–423.
[23] Scheel, O., Zdebik, A.A., Lourdel, S. and Jentsch, T.J. (2005) Voltage-dependent
electrogenic chloride/proton exchange by endosomal CLC proteins. Nature
436, 424–427.
[24] Gillespie, D. and Fill, M. (2008) Intracellular calcium release channels
mediate their own countercurrent: the ryanodine receptor case study.
Biophys. J. 95, 3706–3714.
[25] Pollock, N.S., Kargacin, M.E. and Kargacin, G.J. (1998) Chloride channel
blockers inhibit Ca2+ uptake by the smooth muscle sarcoplasmic reticulum.
Biophys. J. 75, 1759–1766.
[26] Orci, L., Ravazzola, M., Storch, M.J., Anderson, R.G., Vassalli, J.D. and Perrelet,
A. (1987) Proteolytic maturation of insulin is a post-Golgi event which occurs
in acidifying clathrin-coated secretory vesicles. Cell 49, 865–868.
[27] De Lisle, R.C. and Williams, J.A. (1987) Zymogen granule acidity is not
required for stimulated pancreatic protein secretion. Am. J. Physiol. 253,
G711–G719.
[28] O’Rourke, B. (2007) Mitochondrial ion channels. Annu. Rev. Physiol. 69, 19–
49.
[29] Pedersen, P.L. (2008) Voltage dependent anion channels (VDACs): a brief
introduction with a focus on the outer mitochondrial compartment’s roles
together with hexokinase-2 in the ‘‘Warburg effect” in cancer. J. Bioenerg.
Biomembr. 40, 123–126.
[30] Antonenko, Y.N., Kinnally, K.W. and Tedeschi, H. (1991) Identiﬁcation of
anion and cation pathways in the inner mitochondrial membrane by patch
clamping of mouse liver mitoplasts. J. Membr. Biol. 124, 151–158.
[31] Sorgato, M.C., Keller, B.U. and Stuhmer, W. (1987) Patch-clamping of the
inner mitochondrial membrane reveals a voltage-dependent ion channel.
Nature 330, 498–500.
[32] Aon, M.A., Cortassa, S., Maack, C. and O’Rourke, B. (2007) Sequential opening
of mitochondrial ion channels as a function of glutathione redox thiol status.
J. Biol. Chem. 282, 21889–21900.
[33] De Marchi, U., Szabo, I., Cereghetti, G.M., Hoxha, P., Craigen, W.J. and Zoratti,
M. (2008) A maxi-chloride channel in the inner membrane of mammalian
mitochondria. Biochim. Biophys. Acta 1777, 1438–1448.
[34] Mumbengegwi, D.R., Li, Q., Li, C., Bear, C.E. and Engelhardt, J.F. (2008)
Evidence for a superoxide permeability pathway in endosomal membranes.
Mol. Cell. Biol. 28, 3700–3712.
[35] Aon, M.A., Cortassa, S., Marban, E. and O’Rourke, B. (2003) Synchronized
whole cell oscillations in mitochondrial metabolism triggered by a local
release of reactive oxygen species in cardiac myocytes. J. Biol. Chem. 278,
44735–44744.
[36] De Angeli, A., Monachello, D., Ephritikhine, G., Frachisse, J.M., Thomine, S.,
Gambale, F. and Barbier-Brygoo, H. (2006) The nitrate/proton antiporter
2110 J.C. Edwards, C.R. Kahl / FEBS Letters 584 (2010) 2102–2111AtCLCa mediates nitrate accumulation in plant vacuoles. Nature 442, 939–
942.
[37] Thompson, R.J., Akana, H.C., Finnigan, C., Howell, K.E. and Caldwell, J.H.
(2006) Anion channels transport ATP into the Golgi lumen. Am. J. Physiol.:
Cell Physiol. 290, C499–C514.
[38] Jentsch, T.J. (2007) Chloride and the endosomal–lysosomal pathway:
emerging roles of CLC chloride transporters. J. Physiol. 578, 633–640.
[39] Jentsch, T.J. (2008) CLC chloride channels and transporters: from genes to
protein structure, pathology and physiology. Crit. Rev. Biochem. Mol. Biol. 43,
3–36.
[40] Plans, V., Rickheit, G. and Jentsch, T.J. (2009) Physiological roles of CLC Cl()/
H(+) exchangers in renal proximal tubules. Pﬂugers Arch. 458, 23–37.
[41] Gunther, W., Piwon, N. and Jentsch, T.J. (2003) The ClC-5 chloride channel
knock-out mouse – an animal model for Dent’s disease. Pﬂugers Arch. 445,
456–462.
[42] Wang, S.S. et al. (2000) Mice lacking renal chloride channel, CLC-5, are a
model for Dent’s disease, a nephrolithiasis disorder associated with defective
receptor-mediated endocytosis. Hum. Mol. Genet. 9, 2937–2945.
[43] Gunther, W., Luchow, A., Cluzeaud, F., Vandewalle, A. and Jentsch, T.J. (1998)
ClC-5, the chloride channel mutated in Dent’s disease, colocalizes with the
proton pump in endocytotically active kidney cells. Proc. Natl. Acad. Sci. USA
95, 8075–8080.
[44] Christensen, E.I. et al. (2003) Loss of chloride channel ClC-5 impairs
endocytosis by defective trafﬁcking of megalin and cubilin in kidney
proximal tubules. Proc. Natl. Acad. Sci. USA 100, 8472–8477.
[45] Hara-Chikuma, M., Wang, Y., Guggino, S.E., Guggino, W.B. and Verkman, A.S.
(2005) Impaired acidiﬁcation in early endosomes of ClC-5 deﬁcient proximal
tubule. Biochem. Biophys. Res. Commun. 329, 941–946.
[46] Hara-Chikuma, M., Yang, B., Sonawane, N.D., Sasaki, S., Uchida, S. and
Verkman, A.S. (2005) ClC-3 chloride channels facilitate endosomal
acidiﬁcation and chloride accumulation. J. Biol. Chem. 280, 1241–1247.
[47] Mohammad-Panah, R., Wellhauser, L., Steinberg, B.E., Wang, Y., Huan, L.J., Liu,
X.D. and Bear, C.E. (2009) An essential role for ClC-4 in transferrin receptor
function revealed in studies of ﬁbroblasts derived from Clcn4-null mice. J.
Cell Sci. 122, 1229–1237.
[48] Kasper, D. et al. (2005) Loss of the chloride channel ClC-7 leads to lysosomal
storage disease and neurodegeneration. EMBO J. 24, 1079–1091.
[49] Graves, A.R., Curran, P.K., Smith, C.L. and Mindell, J.A. (2008) The Cl/H+
antiporter ClC-7 is the primary chloride permeation pathway in lysosomes.
Nature 453, 788–792.
[50] Kornak, U. et al. (2001) Loss of the ClC-7 chloride channel leads to
osteopetrosis in mice and man. Cell 104, 205–215.
[51] Frattini, A. et al. (2003) Chloride channel ClCN7 mutations are responsible for
severe recessive, dominant, and intermediate osteopetrosis. J. Bone Miner.
Res. 18, 1740–1747.
[52] Chu, K., Snyder, R. and Econs, M.J. (2006) Disease status in autosomal
dominant osteopetrosis type 2 is determined by osteoclastic properties. J.
Bone Miner. Res. 21, 1089–1097.
[53] Henriksen, K., Gram, J., Neutzsky-Wulff, A.V., Jensen, V.K., Dziegiel, M.H.,
Bollerslev, J. and Karsdal, M.A. (2009) Characterization of acid ﬂux in
osteoclasts from patients harboring a G215R mutation in ClC-7. Biochem.
Biophys. Res. Commun. 378, 804–809.
[54] Hryciw, D.H., Ekberg, J., Pollock, C.A. and Poronnik, P. (2006) ClC-5: a chloride
channel with multiple roles in renal tubular albumin uptake. Int. J. Biochem.
Cell Biol. 38, 1036–1042.
[55] Hartzell, H.C., Qu, Z., Yu, K., Xiao, Q. and Chien, L.T. (2008) Molecular
physiology of bestrophins: multifunctional membrane proteins linked to best
disease and other retinopathies. Physiol. Rev. 88, 639–672.
[56] Kunzelmann, K., Kongsuphol, P., Aldehni, F., Tian, Y., Ousingsawat, J., Warth,
R. and Schreiber, R. (2009) Bestrophin and TMEM16-Ca(2+) activated Cl()
channels with different functions. Cell Calcium 46, 233–241.
[57] Marmorstein, L.Y. et al. (2006) The light peak of the electroretinogram is
dependent on voltage-gated calcium channels and antagonized by
bestrophin (best-1). J. Gen. Physiol. 127, 577–589.
[58] Barro-Soria, R., Aldehni, F., Almaca, J., Witzgall, R., Schreiber, R. and
Kunzelmann, K. (2010) ER-localized bestrophin 1 activates Ca(2+)-
dependent ion channels TMEM16A and SK4 possibly by acting as a
counterion channel. Pﬂugers Arch., doi:10.1007/s00424-009-0745-0.
[59] Marmorstein, A.D. and Kinnick, T.R. (2007) Focus on molecules: bestrophin
(best-1). Exp. Eye Res. 85, 423–424.
[60] Jouret, F. et al. (2007) Cystic ﬁbrosis is associated with a defect in apical
receptor-mediated endocytosis in mouse and human kidney. J. Am. Soc.
Nephrol. 18, 707–718.
[61] Ashley, R.H. (2003) Challenging accepted ion channel biology: p64 and the
CLIC family of putative intracellular anion channel proteins (review). Mol.
Membr. Biol. 20, 1–11.
[62] Cromer, B.A., Morton, C.J., Board, P.G. and Parker, M.W. (2002) From
glutathione transferase to pore in a CLIC. Eur. Biophys. J. 31, 356–364.
[63] Landry, D.W., Akabas, M.H., Redhead, C., Edelman, A., Cragoe Jr., E.J. and Al-
Awqati, Q. (1989) Puriﬁcation and reconstitution of chloride channels from
kidney and trachea. Science 244, 1469–1472.
[64] Edwards, J.C. and Kapadia, S. (2000) Regulation of the bovine kidney
microsomal chloride channel p64 by p59fyn, a Src family tyrosine kinase. J.
Biol. Chem. 275, 31826–31832.
[65] Edwards, J.C., Tulk, B. and Schlesinger, P.H. (1998) Functional expression of
p64, an intracellular chloride channel protein. J. Membr. Biol. 163, 119–127.[66] Duncan, R.R., Westwood, P.K., Boyd, A. and Ashley, R.H. (1997) Rat brain
p64H1, expression of a new member of the p64 chloride channel protein
family in endoplasmic reticulum. J. Biol. Chem. 272, 23880–23886.
[67] Qian, Z., Okuhara, D., Abe, M.K. and Rosner, M.R. (1999) Molecular cloning
and characterization of a mitogen-activated protein kinase-associated
intracellular chloride channel. J. Biol. Chem. 274, 1621–1627.
[68] Valenzuela, S.M. et al. (1997) Molecular cloning and expression of a chloride
ion channel of cell nuclei. J. Biol. Chem. 272, 12575–12582.
[69] Berryman, M., Bruno, J., Price, J. and Edwards, J.C. (2004) CLIC-5A functions as
a chloride channel in vitro and associates with the cortical actin cytoskeleton
in vitro and in vivo. J. Biol. Chem. 279, 34794–34801.
[70] Cromer, B.A. et al. (2007) Structure of the Janus protein human CLIC2. J. Mol.
Biol. 374, 719–731.
[71] Littler, D.R. et al. (2004) The intracellular chloride ion channel protein CLIC1
undergoes a redox-controlled structural transition. J. Biol. Chem. 279, 9298–
9305.
[72] Singh, H. and Ashley, R.H. (2007) CLIC4 (p64H1) and its putative
transmembrane domain form poorly selective, redox-regulated ion
channels. Mol. Membr. Biol. 24, 41–52.
[73] Singh, H., Cousin, M.A. and Ashley, R.H. (2007) Functional reconstitution of
mammalian ‘chloride intracellular channels’ CLIC1, CLIC4 and CLIC5 reveals
differential regulation by cytoskeletal actin. FEBS J. 274, 6306–6316.
[74] Tulk, B.M., Kapadia, S. and Edwards, J.C. (2002) CLIC1 inserts from the
aqueous phase into phospholipid membranes, where it functions as an anion
channel. Am. J. Physiol.: Cell Physiol. 282, C1103–C1112.
[75] Tulk, B.M., Schlesinger, P.H., Kapadia, S.A. and Edwards, J.C. (2000) CLIC-1
functions as a chloride channel when expressed and puriﬁed from bacteria. J.
Biol. Chem. 275, 26986–26993.
[76] Warton, K. et al. (2002) Recombinant CLIC1 (NCC27) assembles in lipid
bilayers via a pH-dependent two-state process to form chloride ion channels
with identical characteristics to those observed in Chinese hamster ovary
cells expressing CLIC1. J. Biol. Chem. 277, 26003–26011.
[77] Landry, D., Sullivan, S., Nicolaides, M., Redhead, C., Edelman, A., Field, M., Al-
Awqati, Q. and Edwards, J. (1993) Molecular cloning and characterization of
p64, a chloride channel protein from kidney microsomes. J. Biol. Chem. 268,
14948–14955.
[78] Heiss, N.S. and Poustka, A. (1997) Genomic structure of a novel chloride
channel gene, CLIC2, in Xq28. Genomics 45, 224–228.
[79] Tulk, B.M. and Edwards, J.C. (1998) NCC27, a homolog of intracellular Cl
channel p64, is expressed in brush border of renal proximal tubule. Am. J.
Physiol. 274, F1140–F1149.
[80] Chuang, J.Z., Milner, T.A., Zhu, M. and Sung, C.H. (1999) A 29 kDa intracellular
chloride channel p64H1 is associated with large dense-core vesicles in rat
hippocampal neurons. J. Neurosci. 19, 2919–2928.
[81] Fernandez-Salas, E., Sagar, M., Cheng, C., Yuspa, S.H. and Weinberg, W.C.
(1999) P53 and tumor necrosis factor alpha regulate the expression of a
mitochondrial chloride channel protein. J. Biol. Chem. 274, 36488–36497.
[82] Berryman, M. and Bretscher, A. (2000) Identiﬁcation of a novel member of the
chloride intracellular channel gene family (CLIC5) that associates with the
actin cytoskeleton of placental microvilli. Mol. Biol. Cell 11, 1509–1521.
[83] Edwards, J.C., Cohen, C., Xu, W. and Schlesinger, P.H. (2006) C-Src control of
chloride channel support for osteoclast HCl transport and bone resorption. J.
Biol. Chem. 281, 28011–28022.
[84] Schlesinger, P.H., Blair, H.C., Teitelbaum, S.L. and Edwards, J.C. (1997)
Characterization of the osteoclast rufﬂed border chloride channel and its
role in bone resorption. J. Biol. Chem. 272, 18636–18643.
[85] Ulmasov, B., Bruno, J., Woost, P.G. and Edwards, J.C. (2007) Tissue and
subcellular distribution of CLIC1. BMC Cell Biol. 8, 8.
[86] Valenzuela, S.M., Mazzanti, M., Tonini, R., Qiu, M.R., Warton, K., Musgrove,
E.A., Campbell, T.J. and Breit, S.N. (2000) The nuclear chloride ion channel
NCC27 is involved in regulation of the cell cycle. J. Physiol. 529 (Pt. 3), 541–
552.
[87] Lubarsky, B. and Krasnow, M.A. (2003) Tube morphogenesis: making and
shaping biological tubes. Cell 112, 19–28.
[88] Berry, K.L., Bulow, H.E., Hall, D.H. and Hobert, O. (2003) A C. elegans CLIC-like
protein required for intracellular tube formation and maintenance. Science
302, 2134–2137.
[89] Bohman, S., Matsumoto, T., Suh, K., Dimberg, A., Jakobsson, L., Yuspa, S. and
Claesson-Welsh, L. (2005) Proteomic analysis of vascular endothelial growth
factor-induced endothelial cell differentiation reveals a role for chloride
intracellular channel 4 (CLIC4) in tubular morphogenesis. J. Biol. Chem. 280,
42397–42404.
[90] Tung, J.J., Hobert, O., Berryman, M. and Kitajewski, J. (2009) Chloride
intracellular channel 4 is involved in endothelial proliferation and
morphogenesis in vitro. Angiogenesis 12, 209–220.
[91] Ulmasov, B., Bruno, J., Gordon, N., Hartnett, M.E. and Edwards, J.C. (2009)
Chloride intracellular channel protein-4 functions in angiogenesis by
supporting acidiﬁcation of vacuoles along the intracellular tubulogenic
pathway. Am. J. Pathol. 174, 1084–1096.
[92] Fernandez-Salas, E. et al. (2002) MtCLIC/CLIC4, an organellular chloride
channel protein, is increased by DNA damage and participates in the
apoptotic response to p53. Mol. Cell. Biol. 22, 3610–3620.
[93] Ronnov-Jessen, L., Villadsen, R., Edwards, J.C. and Petersen, O.W. (2002)
Differential expression of a chloride intracellular channel gene, CLIC4, in
transforming growth factor-beta1-mediated conversion of ﬁbroblasts to
myoﬁbroblasts. Am. J. Pathol. 161, 471–480.
J.C. Edwards, C.R. Kahl / FEBS Letters 584 (2010) 2102–2111 2111[94] Shukla, A., Malik, M., Cataisson, C., Ho, Y., Friesen, T., Suh, K.S. and Yuspa, S.H.
(2009) TGF-beta signalling is regulated by Schnurri-2-dependent nuclear
translocation of CLIC4 and consequent stabilization of phospho-Smad2 and 3.
Nat. Cell Biol. 11, 777–784.
[95] Suh, K.S. et al. (2005) Antisense suppression of the chloride
intracellular channel family induces apoptosis, enhances tumor
necrosis factor {alpha}-induced apoptosis, and inhibits tumor growth.
Cancer Res. 65, 562–571.
[96] Suh, K.S. et al. (2007) CLIC4 mediates and is required for Ca2+-induced
keratinocyte differentiation. J. Cell Sci. 120, 2631–2640.
[97] Shi, Y. and Massague, J. (2003) Mechanisms of TGF-beta signaling from cell
membrane to the nucleus. Cell 113, 685–700.
[98] Myers, K., Somanath, P.R., Berryman, M. and Vijayaraghavan, S. (2004)
Identiﬁcation of chloride intracellular channel proteins in spermatozoa. FEBS
Lett. 566, 136–140.
[99] Ponsioen, B., van Zeijl, L., Langeslag, M., Berryman, M., Littler, D., Jalink, K. and
Moolenaar, W.H. (2009) Spatiotemporal regulation of chloride intracellular
channel protein CLIC4 by RhoA. Mol. Biol. Cell 20, 4664–4672.
[100] Berryman, M.A. and Goldenring, J.R. (2003) CLIC4 is enriched at cell–cell
junctions and colocalizes with AKAP350 at the centrosome and midbody of
cultured mammalian cells. Cell Motil. Cytoskeleton 56, 159–172.[101] Shanks, R.A., Larocca, M.C., Berryman, M., Edwards, J.C., Urushidani, T.,
Navarre, J. and Goldenring, J.R. (2002) AKAP350 at the Golgi apparatus. II.
Association of AKAP350 with a novel chloride intracellular channel (CLIC)
family member. J. Biol. Chem. 277, 40973–40980.
[102] Board, P.G., Coggan, M., Watson, S., Gage, P.W. and Dulhunty, A.F. (2004)
CLIC-2 modulates cardiac ryanodine receptor Ca2+ release channels. Int. J.
Biochem. Cell Biol. 36, 1599–1612.
[103] Dulhunty, A.F., Pouliquin, P., Coggan, M., Gage, P.W. and Board, P.G. (2005) A
recently identiﬁed member of the glutathione transferase structural family
modiﬁes cardiac RyR2 substrate activity, coupled gating and activation by
Ca2+ and ATP. Biochem. J. 390, 333–343.
[104] Jalilian, C., Gallant, E.M., Board, P.G. and Dulhunty, A.F. (2008) Redox
potential and the response of cardiac ryanodine receptors to CLIC-2, a
member of the glutathione S-transferase structural family. Antioxid. Redox
Signal. 10, 1675–1686.
[105] Brembeck, F.H., Rosario, M. and Birchmeier, W. (2006) Balancing cell
adhesion and Wnt signaling, the key role of beta-catenin. Curr. Opin.
Genet. Dev. 16, 51–59.
[106] Maeda, Y., Ide, T., Koike, M., Uchiyama, Y. and Kinoshita, T. (2008) GPHR is a
novel anion channel critical for acidiﬁcation and functions of the Golgi
apparatus. Nat. Cell Biol. 10, 1135–1145.
